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Abstract
Background: The ability to manipulate the genetic networks underlying the physiological and
behavioural repertoires of the adult honeybee worker (Apis mellifera) is likely to deepen our
understanding of issues such as learning and memory generation, ageing, and the regulatory
anatomy of social systems in proximate as well as evolutionary terms. Here we assess two methods
for probing gene function by RNA interference (RNAi) in adult honeybees.
Results: The vitellogenin gene was chosen as target because its expression is unlikely to have a
phenotypic effect until the adult stage in bees. This allowed us to introduce dsRNA in
preblastoderm eggs without affecting gene function during development. Of workers reared from
eggs injected with dsRNA derived from a 504 bp stretch of the vitellogenin coding sequence, 15%
had strongly reduced levels of vitellogenin mRNA. When dsRNA was introduced by intra-
abdominal injection in newly emerged bees, almost all individuals (96 %) showed the mutant
phenotype. An RNA-fragment with an apparent size similar to the template dsRNA was still
present in this group after 15 days.
Conclusion: Injection of dsRNA in eggs at the preblastoderm stage seems to allow disruption of
gene function in all developmental stages. To dissect gene function in the adult stage, the intra-
abdominal injection technique seems superior to egg injection as it gives a much higher penetrance,
it is much simpler, and it makes it possible to address genes that are also expressed in the
embryonic, larval or pupal stages.
Background
Due to its social attributes, its learning capabilities, and
several facultative physiological and behavioural traits un-
der social control, the honeybee provides unique oppor-
tunities as a model system [1,2]. The honeybee has a rich
history as an experimental organism [3,4], and it is now
receiving increased attention concerning general issues
such as the molecular basis of learning and memory gen-
eration [5], the regulation of ageing [6], the regulatory
anatomy of social systems [7,8], and the evolution of
complex social systems through self-organization, emer-
gence and multilevel natural selection [9,10]. The ability
to manipulate the genetics underlying the physiological
and behavioural repertoires of the adult honeybee worker
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will become instrumental for understanding the above is-
sues. However, there is currently no established method
for doing clear-cut reverse genetics on adult bees (but see
[11,12]).
One recent and very promising method for targeted
down-regulation of gene expression in a wide range of or-
ganisms is RNAi. RNAi is the process by which dsRNA in-
hibits the accumulation of homologous transcripts from
cognate genes [13]. RNAi has evolved into a powerful tool
for probing gene function in Drosophila,  Tribolium,
Caenorhabditis elegans and mice [14,15]. In honeybees,
Beye et al. [12] showed that microinjection in preblasto-
derm eggs using dsRNAderived from a 300 bp stretch of
the engrailed homeobox motif disrupts expression of the
target gene during embryo development.
Here we extend the scope of the honeybee RNAi tech-
nique to include the adult stage. We show that adult hon-
eybee gene expression exemplified by the gene coding for
the lipoprotein vitellogenin can be specifically inhibited
by microinjection of dsRNA into honeybee embryos as
well as by intra-abdominal injection of adult bees. Fur-
thermore, we demonstrate the superiority of the intra-ab-
dominal injection technique with respect to efficacy and
simplicity.
Results
The vitellogenin gene was chosen because its expression is
unlikely to have a phenotypic effect until the adult stage
in bees. The vitellogenin protein is produced by the adult
insect fat body [16], which in honeybees consists of thin
layers of cells spread against the body wall of the abdo-
men [17]. Vitellogenin is normally secreted into the
hemolymph of reproductive females before transport into
developing oocytes [16]. However, the sterile honeybee
workers may have high hemolymph titers of this protein
[18]. As shown by the control, vitellogenin mRNA is
present in the fat body of bees < 24 hours old (Figure 1),
while the level of corresponding protein in the hemol-
ymph is undetectable at this age [19]. The expression then
increases, and the level of mRNA is constant in the age in-
terval of 7–15 days (Figure 1). During this period the in-
dividual vitellogenin titer may vary greatly, as shown in
Figure 1. This variation may be due to individual differ-
ences in the rate at which vitellogenin is consumed for
metabolic purposes [6]. Equal production rates would in
this case give rise to variable titers. However, the phenom-
enon might also reflect individual differences in nutrition-
al status, as the vitellogenin production is strongly
dependent on the availability of proteinaceous food [20].
In any case, the vitellogenin titer is not an unambiguous
assay for detecting RNAi. However, as the frequency of
controls with negligible vitellogenin titers is low (7 % of
all controls aged 5–15 days, N = 109), it is labor-saving to
use it for detecting potential knockdown phenotypes.
We found that 15 % (N = 70) of the adult bees reared from
eggs injected with dsRNA had strongly reduced levels of
vitellogenin mRNA. The disruption appeared to be in-
complete in some individuals (Figure 2a), but the RNAi
effect was detectable at emergence and persistent over 15
days (not shown). In the intra-abdominally injected
group, 96 % (N = 30) showed loss of vitellogenin mRNA
expression when sampled at 7 days old (Figure 2b). Fur-
thermore, an unambiguous fragment with an apparent
size similar to the template dsRNA (504 bp) was visual-
ized in all adult injected bees with a mutant phenotype
(Figure 2c). Samples enriched with short RNA show that
vitellogenin mRNA fragments as small as 25 bp could be
detected (Figure 2d). For all mutants, the level of vitello-
genin in the hemolymph was almost undetectable (Figure
2a,2b). Reduced levels of vitellogenin mRNA was not en-
countered in any of the control individuals assayed in this
manner (N = 96).
To test whether the observed ~500 bp fragment was span-
ning parts upstream of the sequence in the original tem-
plate dsRNA, we designed a new probe for Northern
blotting using the clone AmR9, located ~1.5 kb upstream
of the original AP4a5 (see Methods). We found that the
new probe did not hybridize to the fragment observed in
the adult injected bees (Figures 3). Given that the hybrid-
ization of lanes 2 and 3 in Figure 3 are comparable, the
amount of dsRNA still present in the abdomen can be ten-
tatively estimated to 0.1–0.2 µg (total RNA in the bee ab-
domen is ~60 µg).
Discussion
Vitellogenin is a female specific glucolipoprotein yolk pre-
cursor produced by all oviparous animals [21]. Inverte-
brate and vertebrate vitellogenins constitute a multigene
superfamily together with insect apolipophorin II/I, hu-
man apolipoprotein B (apoB-100), and the large subunit
of mammalian microsomal triglyceride transfer protein
(MTP) [22]. It is generally synthesized in large amounts
directly prior to yolk deposition and is of fundamental
importance in reproduction [21]. As vitellogenin is also
synthesized by the functionally sterile workers [18], it has
been suspected for some time that vitellogenin has func-
tions other than reproduction in honeybees. It was recent-
ly shown that nurse bees use vitellogenin to produce royal
jelly [23]. Furthermore, vitellogenin serves important
functions related to immune function and longevity
(GVA, ZLPS, KN, A Hagen, K Schrøder, Ø Mikkelsen, TBL
Kirkwood and SWO, submitted). As the amount of vitell-
ogenin mRNA in the honeybee worker is considerable,
our results suggest that RNAi can be used to also knock
down abundantly expressed genes.BMC Biotechnology 2003, 3 http://www.biomedcentral.com/1472-6750/3/1
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It cannot be excluded that the observed high efficacy of
the intra-abdominal injection technique for inhibiting
vitellogenin expression is due to the structure and func-
tion of the honeybee fat body. When dsRNA is injected
into the honeybee abdomen, the fat body tissue is readily
exposed. Furthermore, the fat body plays an immunolog-
ical role that includes uptake of potentially harmful mac-
romolecules from the hemolymph, in many ways
analogous to the mammalian liver [24]. The observed ef-
ficacy may thus not be representative for genes being ex-
pressed in other organs or tissues in the adult bee.
However, it is promising that this does not seem to be the
case in Drosophila melanogaster. Dzitoyeva et al. [25] dem-
onstrated that intra-abdominal injections of homologous
dsRNA in this species silence lacZ transgene expression in
the gut as well as in the optic and antennal lobes, and that
the method is potent in silencing endogenous GM06434
mRNA in the central nervous system. Even though the
scope of this technique should turn out to be more re-
stricted in honeybees, our results suggest that a number of
important genes being expressed in the fat body can be
targeted this way.
Alternatively, it may also be that the capacity of the fat
body for taking up potentially harmful macromolecules
from the hemolymph is indeed the key for targeting other
tissues by intra-abdominal injection of dsRNA. If this dsR-
NA is processed into small interfering RNA (siRNA) or an-
other mobile signal [26] that is exported to the
hemolymph, this would make the fat body a source of
mobile silencing agents that probably could be more eas-
ily taken up by other tissues. The results by Dzitoyeva et
al. [25], and the fact that microinjections in the adult hon-
eybee brain using dsRNA homologous to biogenic amine
receptors results in incomplete knockdown of the target
gene (T Farooqui, K Robinson, H Vaessin and BH Smith,
submitted), are consistent with this explanation. If this
suggestion is correct, the intra-abdominal injection tech-
nique may be superior to injecting dsRNA directly into a
target tissue, both because of the actual mechanism, and
the fact that the technique allows injection of much high-
er amounts of dsRNA without harming the individual.
The 'degradative PCR mechanism' suggested by Lepardi et
al. [27], states that new dsRNA generated by siRNA is ex-
tended towards the 5', and siRNA from the 3' is able to
produce full-length products. According to this, one
would expect to detect fragments spanning upstream re-
gions of the AP4a5 sequence if the observed ~500 bp frag-
ment resulted from cleavage of new dsRNA. However, the
clone AmR9, located ~1.5 kb upstream of AP4a5, did not
hybridize to the fragment. Furthermore, the fragment was
not found in knockdown adult bees reared from injected
eggs where much less dsRNA template was introduced.
These observations suggest that some of the original dsR-
NA template injected into adult bees was present even af-
ter 15 days. This persistence of injected dsRNA as high
molecular weight material is in agreement with the results
Figure 1
Wild-type control.Time course illustrating individual variation in vitellogenin mRNA expression vs. vitellogenin protein levels 
in wild-type controls. Total RNA loaded for Northern blot was 6 µg. An equal hemolymph volume of 0.1 µl was loaded for 
SDS-PAGE. Apo-lipoprotein I [40] and ribosomic RNA were included as controls.BMC Biotechnology 2003, 3 http://www.biomedcentral.com/1472-6750/3/1
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Figure 2
Targeted vitellogenin disruption. (a) Individual samples of workers injected as embryo and (b) workers injected as adults. 
All bees were sampled as 7 days old. Total RNA loaded was 6 µg, and an equal 0.1 µl hemolymph volume was loaded for SDS-
PAGE. (c) Visualization of ~500 bp fragment in a worker injected as adult. Lane 1: Control. Lane 2: 6 µg total RNA. Lane 3: 20 
µg total RNA. (d) Pooled samples of 10 workers each enriched with small RNA fragments. Two oligonucleotides (27 and 50 
bp) were included as markers. Lane 1: Control. Lane 2: Adult workers injected with dsRNA at the preblastoderm stage. Lane 
3: Intra-abdominally injected workers.BMC Biotechnology 2003, 3 http://www.biomedcentral.com/1472-6750/3/1
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of Parrish et al. [28] who tested the fate of 32P labeled dsR-
NA in C. elegans. However, their experiments lasted only
12 hours, and to the best of our knowledge we are the first
to report the presence of template dsRNA even after 15
days, and the activation of RNAi more than 21 days after
delivery of dsRNA. It should be noted that the dsRNA tem-
plate found in adult workers might be slightly smaller
than the dsRNA injected into the bees (Figure 3a), but
whether this is of biological relevance is not clear.
We do not have a clear answer to why the template dsRNA
appears so stable. However, the RNAi machinery is prob-
ably tuned to silence transposons and protect against virus
attacks [15]. Introducing a comparably huge amount of
dsRNA probably challenges the RNAi machinery to deal
with a situation far beyond what it is designed for. Thus,
what we observe may just be due too low capacity of the
Dicer enzyme system, which produces 21–23 bp dsRNAs
that target the selective destruction of homologous RNAs
[29]. This suggests that it might be possible to ensure a
consistent inhibition of gene function by injection of a
great excess of dsRNA since it is not itself toxic to bees.
If our results with vitellogenin turn out to be representa-
tive for large number of genes being expressed in various
tissues of the adult honeybee, the intra-abdominal injec-
tion technique provides a way to do functional genomic
studies on adult honeybees by very simple means. The
technique can be considered to be conditional to the ex-
tent that we can expose the adult bee to the dsRNA at our
choice. It allows groups of genes to be simultaneously
rendered ineffective without the need for time-consuming
Figure 3
Sequence dependent Northern blot. Hybridization prepared with (a) AP4a5, and (b) AmR9. Lane 1: Control. Lane 2: Sam-
ple from an intra-abdominally injected worker, 6 µg total RNA. Lane 3: Original dsRNA template, 0.5 Ηg.BMC Biotechnology 2003, 3 http://www.biomedcentral.com/1472-6750/3/1
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crosses, and it may even allow sequential targeted disrup-
tion that might turn out to be crucial for understanding
certain types of regulatory structures.
The technique can easily be extended to include delivery
of siRNA. High-pressure injection of siRNA into the tail
vein of postnatal mice has recently proven to be highly ef-
ficient for specific inhibition of transgene expression in a
variety of organs [30]. As use of siRNA seems to be a
means to target specific isoforms in Drosophila [31], and to
ensure a moderate longevity of RNAi in mice [30] delivery
of siRNA by intra-abdominal injection may provide addi-
tional possibilities for temporal and spatial control of
RNAi in adult workers.
Conclusions
As we observe substantial RNAi in adults obtained from
eggs injected with dsRNA at the preblastoderm stage, this
injection method seems to provide a means to disrupt
gene function in the embryonic, larval and pupal stages.
However, intra-abdominal injection of dsRNA in adults is
highly superior to egg injection for specific disruption of
gene function in the adult stage. The intra-abdominal in-
jection technique is much more efficient. It is substantial-
ly simpler, and it makes it possible to specifically address
gene function in adults even in those cases where the focal
gene is also expressed in the embryonic, larval or pupal
stages. The number of (partially) sequenced honeybee
genes is steadily increasing [32–34]. It is thus encouraging
that we apparently do not need to wait for the develop-
ment of sophisticated transformation techniques before
we can start doing advanced reverse genetics on this fasci-
nating model system.
Methods
Preparation of dsRNA
Primers were designed from the sequence of Apis mellifera
vitellogenin (GenBank accession number: AJ517411),
clone AP4a5 (MD Piulachs, J Cruz, X Bellés, KRG, AR Bar-
chuk and ZLPS, submitted). The AP4a5 primer sequences
were fused with the T7 promoter sequence (underlined)
as 5'-TAATACGACTCACTATAGGGCGAACGACTCGAC-
CAACGACTT-3', and 5'-TAATACGACTCACTATAG-
GGCGAAACGAAAGGAACGGTCAATTCC-3' PCR
reactions were performed according to standard proce-
dures using AP4a5 as template. PCR product was purified
using the QIAquick™ PCR purification kit (QIAGEN).
RNA was prepared using the Promega RiboMax™ T7 sys-
tem (Promega), where sense and antisense strands were
transcribed from DNA template in the same reaction. RNA
was phenol-chloroform extracted and isopropanol precip-
itated. RNA was resuspended in nuclease free water, heat-
ed at 95°C for 1 min and left to cool at room temperature.
The product was divided in two batches and diluted with
nuclease free water to a final concentration of 5 and 10
µg/µl, respectively.
Injections of eggs and subsequent rearing of adults
Honeybee eggs 0–6 hours old were collected from specif-
ically designed hives kept in a flight room, allowing fre-
quent collection of eggs of defined age with only slight
disturbance of the colony [35,36]. Injections of dsRNA
(10 µg/µl, N = 500) or nuclease free water (controls, N =
300) were performed as described [12]. We did not in-
clude individuals injected with nonsense dsRNA in the
control group as a previous study, [12], strongly suggests
that RNAi is highly specific in honeybees [12]. The average
amount injected into each embryo was 300 ρl. The eggs
were incubated at 35°C and 80 % RH for 65 hours before
reintroduction of the surviving embryos into empty cells
of flight room colonies with removable comb sections.
The coordinates of the manipulated eggs were document-
ed. dsRNA injected eggs (N = 398) and controls (N = 273)
were inserted in separate sections. After 18 days the sec-
tions of comb were taken out and all brood not located at
the coordinates of the introduced eggs were removed. The
combs were incubated at 35°C and 80 % RH for 2 days.
Bees emerging during this time interval were collected and
paint marked before introduction into a queenright nurs-
ing colony (N = 103 for dsRNA injected bees, N = 136 for
the control).
Injections of adult bees
Newly emerged workers were immobilized to a piece of
styrophor with two crossed needles at 8°C. In this posi-
tion they were injected with 1 µl dsRNA solution (5 µg/µl,
N = 50) or 1 µl nuclease free water (N = 40). Injections
were made dorsally between the 5th and 6th abdominal
segment with a Hamilton micro syringe, needle G 30
(Becton Dickinson). Individuals showing sign of hemol-
ymph leakage after withdrawal of the needle were discard-
ed (N = 3). The bees stayed in the fixed position for one
hour before introduction into the nursing colony.
Sampling of adult bees
Bees were collected at ages 0, 5, 7, 10 an 15 days and
anaesthetized on ice before hemolymph collection. For
each worker, 1 µl hemolymph was dissolved in 10 µl Tris-
buffer in duplicate (20 mM Tris, 150 mM NaCl, 5 mM ED-
TA, pH 7.5,1 mM phenylmethylsulfonyl fluorid, 5 mM
benzamidin, 0.7 µM pepstatin, 8 µM chymostanin, 10 µM
leupeptin and 0.8 µM aprotinin, Sigma). The abdomen
was then separated from the thorax with forceps and the
intestine removed. The abdominal segments with adher-
ing fat-body tissue were rinsed in nuclease free water and
frozen in 1 ml TRIZOL reagent (Invitrogen).BMC Biotechnology 2003, 3 http://www.biomedcentral.com/1472-6750/3/1
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SDS-PAGE and western blotting
Individual samples of 2.0–5.0 µg hemolymph protein
were subjected to one-dimensional SDS-electrophoresis
using 7 % polyacrylamide gels [37]. N = 70 and N = 100
for workers stemming from eggs injected with dsRNA and
nuclease free water, respectively. Likewise, N = 30 and N =
20 for bees injected with dsRNA and nuclease free water
as adults. The identity of the vitellogenin band was con-
firmed by transferring a set of samples (N = 14) to nitro-
cellulose paper and probe with diluted antiserum (1:75
000) raised in rabbit as described [38] Bound antibodies
were detected by biotinylated secondary goat antirabbit
and Vectastain ABC-AmP™ Detection System (Vector).
Northern blot hybridization
Total RNA was extracted from the abdomen using TRIZOL
reagent (Invitrogen). Individual samples of total RNA (6
µg) was electrophoresed on 1. 2 % denaturing formalde-
hyde agarose gel and visualized by ethidium-bromide
with UV light. The gel was washed in 10× SSC before the
RNA was transferred to Biodyne B membrane (Pall) in
20X SSC. Prehybridization was performed in hybridiza-
tion buffer (5X SSC, 5 % (w/v) Dextran, 1 % (w/v) SDS, 5
% liquid block (Amersham, RPN 3540) at 65°C for 2.5
hours. Fluorescent-labeled (Amersham, RPN 3540) frag-
ments (500 Ηg) of thevitellogeninclones AP4a5 or AmR9
(MD Piulachs, J Cruz, X Bellés, KRG, AR Barchuk and
ZLPS, submitted) were added in the prehybridization
buffer and hybridization was allowed to proceed over
night. The final washes were performed at 65°C in 5X
SSC, 0.1 % (w/v) SDS for 15 min and 1X SSC, 0.1 % (w/
v) SDS for 15 min. The probe was visualized by Gene Im-
ages detection module (Amersham, RPN 3510). All work-
ers injected with dsRNA (as embryos or adults), and
subsequently assayed for hemolymph vitellogenin (cf.
methods above), were assayed in this manner. In the case
of the controls, the sample size was somewhat reduced as
the SDS-PAGE indicated high vitellogenin titers for most
bees (N = 82 and N = 14 for workers injected as embryos
and adults, respectively).
Samples enriched with small RNA fragments were pre-
pared by filtration with Microcon filtration units YM-100
(Millipore) as described [39]. Individual samples of
knockdown phenotypes were selected based on the previ-
ous screen for RNAi. Low-molecular weight RNA (3 µg)
was then electrophoresed through a 2.5 % agarose gel as
pooled samples of total RNA stemming from 10 individ-
uals. Samples were then blotted to a Hybond XL-mem-
brane (Amersham, RPN 203S) and visualized as
previously described.
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